Infection with Vaccinia virus (VV) produces several distinct virions called intracellular mature virus (IMV), intracellular enveloped virus (IEV), cell-associated enveloped virus (CEV) and extracellular enveloped virus (EEV). In this report, we have investigated how incoming virus cores derived from IMV are transported within the cell. To do this, recombinant VVs (vA5L-EGFP-N and vA5L-EGFP-C) were generated in which the A5L virus core protein was fused with the enhanced green fluorescent protein (EGFP) at the N or C terminus. These viruses were viable, induced formation of actin tails and had a plaque size similar to wild-type. Immunoblotting showed the A5L-EGFP fusion protein was present in IMV particles and immunoelectron microscopy showed that the fusion protein was incorporated into VV cores. IMV made by vA5L-EGFP-N were used to follow the location and movement of cores after infection of PtK 2 cells. Confocal microscopy showed that virus cores were stained with anti-core antibody only after they had entered the cell and, once intracellular, were negative for the IMV surface protein D8L. These cores co-localized with microtubules and moved in a stop-start manner with an average speed of 51?8 (±3?9) mm min "1 , consistent with microtubular movement. Treatment of cells with nocodazole or colchicine inhibited core movement, but addition of cytochalasin D did not. These data show that VV cores derived from IMV use microtubules for intracellular transport after entry.
INTRODUCTION
Vaccinia virus (VV) replicates in cytoplasmic factories (Moss, 2001 ) and produces structurally distinct forms of infectious progeny . The first infectious virion formed is called intracellular mature virus (IMV) and this remains in the cell until cell lysis. Although IMV represents the majority of infectious progeny, it is not sufficient for efficient cell-to-cell spread and this function is performed by virions that contain an additional lipid membrane (Rodriguez & Smith, 1990; Blasco & Moss, 1991) . Some IMV are transported away from factories to near the microtubule-organizing centre (MTOC) where they are wrapped by a double membrane to form intracellular enveloped virus (IEV). IEV then move to the cell periphery where they fuse with the plasma membrane to produce cell-associated enveloped virus (CEV) on the cell surface. The CEV particle induces actin polymerization beneath the plasma membrane to propel the virion away from the cell or into an adjacent cell. If a CEV particle becomes detached from the cell it is called extracellular enveloped virus (EEV) . EEV mediate the long-range transmission of virus within the host. For a review of the roles of the different virions in the virus life-cycle see Smith et al. (2002) .
The transport of a large virus such as VV with dimensions of 250 by 350 nm would be an inefficient process in the cytosol without specific transport mechanisms and it has been estimated that diffusion of VV across 10 mm of cytosol would take 5?7 h (Sodeik, 2000) . Therefore, VV has evolved to exploit host cell transport machinery. IMV particles are transported on microtubules from virus factories to near the MTOC. This process requires the A27L protein, because if expression of the A27L gene is repressed, IMV are not transported away from factories (Sanderson et al., 2000) . Once IMV are wrapped to form IEV, the IEV particles are transported on microtubules to the cell surface (Geada et al., 2001; Hollinshead et al., 2001; Rietdorf et al., 2001; Ward & Moss, 2001b) . Two VV proteins have been implicated in this transport: F12L and A36R. In the absence of F12L, IEV are formed but not transported to the cell surface (Zhang et al., 2000; van Eijl et al., 2002) . In the absence of A36R, both IEV and CEV are formed (Sanderson et al., 1998; Wolffe et al., 1998; van Eijl et al., 2000 van Eijl et al., , 2002 Hollinshead et al., 2001) , indicating virion transport, although it has been reported that the A36R protein affects IEV transport (Rietdorf et al., 2001) . However, the A36R protein is not essential for transport because viruses lacking A36R and with mutations in either the A33R or B5R proteins release enhanced levels of EEV (Katz et al., 2002) .
Once CEV are formed on the cell surface, actin filaments polymerize on the cytosolic face of the plasma membrane beneath CEV particles (van Eijl et al., 2000; Hollinshead et al., 2001; Ward & Moss, 2001b) . Originally, these actin tails were proposed to form on IEV particles (Cudmore et al., 1995 (Cudmore et al., , 1996a Frischknecht et al., 1999) but they appear only after CEV formation and their role is to drive the CEV particles into surrounding cells. The A36R protein is essential for actin tail formation (Sanderson et al., 1998; Wolffe et al., 1998; Frischknecht et al., 1999) , although mutations in other EEV proteins (A33R, A34R, F13L and B5R) also cause a reduction in actin tail formation; for a recent review see Smith et al. (2002) . The importance of actin tail formation in cell-to-cell spread was illustrated by a side-by-side comparison of mutants lacking each EEV or IEV specific protein . In all cases where the production of actin tails was inhibited the virus had a small plaque phenotype.
The binding and entry of VV into uninfected cells have been controversial and different models have been proposed. When considering VV entry it is necessary to define which form of virus is being described. The IMV and EEV forms are both infectious, although the EEV form has a higher specific infectivity (Vanderplasschen & Smith, 1997) , but these virions are surrounded by different numbers of membranes and so they face different problems during entry. The number of membranes around an IMV particle has been disputed; some authors have claimed a single membrane (Dales & Siminovitch, 1961; Morgan, 1976; Hollinshead et al., 1999) whereas others have claimed at least two (Sodeik et al., 1993; Griffiths et al., 2001a, b; Risco et al., 2002) . If IMV has a single membrane then EEV has two; if IMV has two then EEV has three. Before transcription of the virus genome can commence in the cytosol all membranes surrounding the core must be shed or permeabilized. Previously, several IMV proteins were reported to be lost during virus entry (Vanderplasschen et al., 1998; Pedersen et al., 2000) and some cores were found to co-localize with microtubules (Mallardo et al., 2001) .
Virus replication occurs in factories in the perinuclear region of the cytoplasm. The transport of virus cores to this site is addressed here. Several recombinant VVs have been described in which the green fluorescent protein (GFP) or enhanced GFP (EGFP) was fused to a protein in the EEV envelope. Either the B5R (Hollinshead et al., 2001; Ward & Moss, 2001a; (Goebel et al., 1990) and the gene product has also been called p39 (Maa & Esteban, 1987; Demkowicz et al., 1992; Cudmore et al., 1996b) . A5L is present on the surface of the core of IMV (Cudmore et al., 1996b) and of cores released into the cytosol during infection (Pedersen et al., 2000) . The protein is essential for the formation of infectious IMV (Williams et al., 1999) . Despite the requirement for A5L, we were able to replace the wild-type A5L gene with A5L fused to EGFP at either terminus. IMV derived from vA5L-EGFP-N was used to follow the movement of cores after infection of new cells by using time-lapse fluorescent microscopy. Data presented show that cores move inward from the cell periphery using microtubules. Thus VV uses microtubules for multiple stages of its life-cycle.
METHODS
Cells. CV-1, TK 2 143B and RK 13 cells were grown in minimum essential medium (MEM) supplemented with 10 % heat-inactivated foetal bovine serum (FBS) (Gibco). D98OR and BS-C-1 cells were grown in Dulbecco's modified Eagle's medium (DMEM) (Gibco) with 10 % FBS. PtK 2 cells (a gift from Louise Cramer, University College London, UK) were grown in low-glucose DMEM (Gibco) with 10 % FBS. Virus infections were performed in DMEM with 2 % FBS, except for PtK 2 cells where low glucose DMEM with 2?5 % FBS was used.
Plasmid construction. Fusion of EGFP to the N or C terminus of A5L was achieved by PCR splicing by overlap extension (Horton et al., 1989) using VV strain WR genomic DNA as template. For the C-terminal fusion, oligonucleotides (1) 59-CTCCGTTGAATTCGAT-GACTATAGGACAAGAACCCTCCTC-39 and (2) 59-CAGCTCCTC-GCCCTTGCTCACCTTTTGGAATCGTTCAAAACC-39 were used to generate a 1303 bp fragment containing the A5L ORF and 433 bp upstream. Oligonucleotides (3) 59-GGCATGGACGAGCTGTACAA-GTAATAAGATTGGATATTAAAATCACGCTTTCGAG-39 and (4) 59-CGTACTCCAAGCTTGTGTAGATGCTACTTCGTCGATGG were used to generate a PCR fragment 375 bp downstream of the A5L ORF. The EGFP ORF was amplified using pEGFPC1 (Clontech) as template and oligonucleotides (5) 59-GTGAGCAAGGGCGAG-39 and (6) 59-CTTGTACAGCTC-39 generating a 714 bp fragment. Oligonucleotides (1) and (4) introduced EcoRI and HindIII restriction sites, respectively (underlined), while oligonucleotides (2) and (3) contained EGFP sequences enabling the individual fragments to be assembled into a single 2392 bp gene. This was digested with EcoRI and HindIII and cloned into EcoRI-and HindIII-digested pSJH7 (Hughes et al., 1991) to form pA5L-EGFP-C.
For the N-terminal fusion, oligonucleotides (1) and (7) 59-CAGCTCC-TCGCCCTTGCTCACCATTTAAGGCTTTAAAATTGAATTGCG-39 were used to generate a fragment encoding 463 bp upstream of the A5L ORF. Oligonucleotides (8) 59-GGCATGGACGAGCTGTACA-AGGACTTCTTTAACAAGTTCTCACAGGGG-39 and (4) were used to generate a 1215 bp fragment containing the A5L ORF and 346 bp downstream of the A5L ORF. The EGFP ORF was amplified as described above. Oligonucleotides (7) and (8) contained EGFP sequences enabling the individual fragments to be assembled into a single 2392 bp gene. This was digested with EcoRI and HindIII and cloned into EcoRI-and HindIII-digested pSJH7 to form pA5L-EGFP-N.
Revertant viruses, wherein the WT A5L gene was reinserted into vA5L-EGFP-C and vA5L-EGFP-N to replace the EGFP-fusion sequences, were constructed using a plasmid containing the WT A5L gene. This gene was amplified by oligonucleotides (1) and (4) and cloned into pSJH7 to form pA5L-rev. The fidelity of all cloned PCR products was confirmed by sequencing.
Recombinant virus construction. vA5L-EGFP and vA5L-EGFP-REV were constructed by transient dominant selection (Falkner & Moss, 1990) using the E. coli guanine : xanthine phosphoribosyltransferase (Ecogpt) gene. CV-1 cells were infected with VV WR at 0?1 p.f.u. per cell and transfected with either pA5L-EGFP-C or pA5L-EGFP-N using Lipofectin (Gibco BRL). For vA5L-EGFP-C-rev and vA5L-EGFP-N-rev, CV-1 cells were infected with either vA5L-EGFP-C or vA5L-EGFP-N and transfected with pA5L-rev. Recombinant virus expressing Ecogpt was selected by three rounds of plaque purification on BS-C-1 cells in the presence of mycophenolic acid (MPA). The MPA-resistant virus was then plaque-purified three times on D98R cells with 6-thioguanine to select against virus expressing Ecogpt. Ecogpt-negative viruses containing A5L-EGFP-C/ N or A5L-EGFP-C/N-rev were identified by PCR and stocks were prepared and titrated by plaque assay on BS-C-1 cells.
Immunoblotting. IMV was purified from infected RK 13 cells by sucrose density-gradient centrifugation as described (Mackett et al., 1985) . Proteins were analysed by SDS-PAGE and immunoblotting (Towbin et al., 1979) . A5L, EGFP and D8L were detected by rabbit a-core antibody (Cudmore et al., 1996b; Vanderplasschen et al., 1998) (diluted 1 : 2000), mouse mAb JL-8 (Clontech) (diluted 1 : 1000) and mouse mAb AB1.1 (Parkinson & Smith, 1994; Vanderplasschen et al., 1998) (diluted 1 : 1000), respectively. Specific signals were visualized using the ECL Western blotting detection kit (Amersham).
Electron microscopy. RK 13 cells were infected at 1 p.f.u. per cell for 8 h and were processed for thin-section transmission microscopy as described (Hollinshead et al., 1999; Krauss et al., 2002) . For immunoelectron microscopy, ultrathin cryosections were labelled with anti-GFP (Clontech) (diluted 1 : 10). All digital images were captured with the integrated SIS image analysis package and processed using Adobe Photoshop software.
Confocal microscopy. Cells on glass coverslips were infected and at the indicated times thereafter were processed as described previously (Hollinshead et al., 1999) . Tetramethylrhodamine B isothiocyanate (TRITC)-phalloidin (Sigma) was used to stain F-actin and 4,6-diamine-2-phenylindole (DAPI) was added to the mounting medium to stain DNA.
For co-localization of VV cores and microtubules, PtK 2 cells on glass coverslips were infected with vA5L-EGFP-N at 0?25 p.f.u. per cell for 1 h at 37 uC. Cells were fixed with PFA at 37 uC for 10 min and permeabilized with either 0?1 % saponin or 0?1 % Triton X-100. MAbs AB1.1 (mouse, 1 : 500) and YL1/2 (rat, 1 : 1000), which detect the VV D8L protein and a-tubulin, respectively, were added for 1 h at room temperature. Bound antibodies were detected using donkey antimouse Cy5-conjugated and donkey anti-rat TRITC-conjugated antibodies (Jackson Immunoresearch Laboratories) diluted 1 : 100 or 1 : 400, respectively. Coverslips were mounted in Mowiol containing DAPI and were analysed using a Zeiss LSM 510 Meta confocal microscope. Images were collected and processed using LSM 510 and Adobe Photoshop software.
Time-lapse microscopy. PtK 2 cells grown to 50 % confluence on coverslips (PeCon) were infected at 0?25 p.f.u. per cell on ice for 30 min with purified vA5L-EGFP-N IMV. Where applicable, 33 mM nocodazole (Calbiochem) or 250 mM colchicine (Sigma) was added at 37 uC for 30 min before infection, or 1 mM cytochalasin D (Calbiochem) was added during infection. After binding, cells were washed with ice-cold medium and transferred to a microscope stage preheated to 37 uC. Cells were observed on the Zeiss 510 Meta confocal microscope using Zeiss time-lapse software. Images were acquired at 3 s intervals for 100 frames at different times between 0 and 90 min post-heating.
RESULTS

Genome analysis of recombinant viruses
Virus genomes were analysed by PCR using oligonucleotides that flank the A5L or EGFP gene. PCR with primers flanking the A5L gene produced DNA fragments of 1?6, 2?3, 2?3, 1?6 and 1?6 kb for WT, vA5L-EGFP-C, vA5L-EGFP-N, vA5L-EGFP-C-rev and vA5L-EGFP-N-rev, respectively (see supplementary data at JGV Online: http://vir.sgmjournals.org), whereas EGFP-specific primers produced a DNA fragment of 0?7 kb for vA5L-EGFP-C and vA5L-EGFP-N but not for WR or revertant viruses. The sizes of these DNA fragments confirmed that the chimaeric vA5L-EGFP-C and vA5L-EGFP-N gene was inserted into the A5L gene locus.
Growth properties of recombinant viruses
The isolation of each recombinant virus indicated that the fusion of EGFP to the A5L protein did not prevent virus replication. To determine if there was a growth difference between WR, A5L-EGFP-N, vA5L-EGFP-C and the revertant viruses, the yield of infectious intracellular and extracellular virus was investigated 24 h post-infection (p. i.) of BS-C-1 cells infected at 10 p.f.u. per cell. Intracellular and extracellular vA5L-EGFP-N and vA5L-EGFP-C were each reduced about 3-fold compared to WR (data not shown). Similarly, the proportion of virus released into the supernatant that was resistant to neutralization by mAb 2D5, which neutralizes IMV (Ichihashi, 1996) , was indistinguishable between these viruses and WR (data not shown).
The plaque phenotype of the WR, vA5L-EGFP-C, vA5L-EGFP-N and revertant viruses was investigated under liquid or semi-solid overlay in BS-C-1 cells (Fig. 1a) . Under semisolid medium, the plaques formed by vA5L-EGFP-C were slightly smaller than WR and the revertant control, whereas plaques formed by vA5L-EGFP-N were similar to WR and revertant. With a liquid overlay virus can spread as EEV and form comets. Under these conditions, WR and the revertant viruses formed comets, but vA5L-EGFP-N and vA5L-EGFP-C did not. This result was consistent with the 3-fold reduction in EEV produced by the latter viruses.
Expression of EGFP-A5L fusion proteins in vA5L-EGFP-C and vA5L-EGFP-N
The expression of A5L-EGFP-C and A5L-EGFP-N was investigated by immunoblotting of infected cell lysates (data not shown) and purified IMV (Fig. 1b) . Extracts from WR, vA5L-EGFP-C and vA5L-EGFP-N IMV were blotted with antibody to either VV core proteins or GFP. A protein of 67 kDa was detected by anti-GFP mAb in each recombinant VV but not in WR. This size was consistent with the addition of EGFP to the 39 kDa A5L protein. As a loading control, the blot was probed with a-D8L mAb and this detected D8L protein at a similar level in each virus preparation. Using the anti-core antibody, the major core protein of about 39 kDa in WR (arrowhead) was replaced with a protein of about 67 kDa (star) in both recombinant viruses. The higher molecular mass species present in the A5L-EGFP-N protein probably represents oligomeric forms of this protein. These data showed that each chimaeric A5L-EGFP protein was synthesized and packaged into IMV particles. Fig. 1(b) suggested that the A5L-EGFP-C and A5L-EGFP-N proteins were incorporated into VV particles. This was investigated further by confocal microscopy to analyse the distribution of these fusion proteins in infected cells (Fig. 2) . In cells infected with vA5L-EGFP-C, direct visualization of EGFP showed punctate structures distributed throughout the cell (panel a). If the cell was also stained with DAPI for DNA (panel b) and the image merged (inset), it was evident that these EGFP-positive structures contained DNA and therefore are very likely to be virions. Analysis with vA5L-EGFP-N gave similar data (data not shown). In addition, to investigate if cells infected with vA5L-EGFP-N formed actin tails, cells were stained with phalloidin (panel d) and merged with an image of EGFP fluorescence (panel c). Panel (d) shows the presence of many actin tails and the inset shows a merged image demonstrating that the actin tails each have a virus particle at their tip.
Location of EGFP-A5L fusion proteins in infected cells
Electron microscopy
The location of the A5L-EGFP fusion protein was also investigated by electron microscopy (Fig. 3) . Analysis of thin sections of vA5L-EGFP-N-infected cells revealed that virus morphogenesis was normal and within virus factories it was possible to detect virus crescents and immature virus particles (Fig. 3a, b) . Furthermore, complete IEV particles and IMV particles that were being wrapped to form IEV were visible within the cell (panel c). CEV particles were visible on the cell surface or on the tip of actin tails protruding from the cell surface (panel d). To determine if A5L-EGFP-N was associated with these structures, cryosections of infected cells were treated with a-EGFP mAb followed by a protein A-gold conjugate. Gold particles were visible within the core, within the area surrounded by crescents, immature virions (Fig. 3e, f) and with IMVs (panel g). The distribution of these gold particles contrasted with those used to detect the B5R-EGFP fusion protein around IEV or on the surface of CEV (panel h). In addition, we analysed the location of A5L-EGFP-N on cores released into the cytosol after infection with vA5L-EGFP-N and found it was on the surface of cores (data not shown), and indistinguishable from wild-type A5L (Pedersen et al., 2000) . Collectively, these data show that virus morphogenesis is normal and the A5L-EGFP-N protein is incorporated into the virus core. Similar data were obtained for A5L-EGFP-C (data not shown).
Visualization of intracellular cores
To use the vA5L-EGFP viruses for studies of virus entry and core movement, IMV were bound to cells on ice, the cells were warmed to 37 uC and virions were visualized by staining with anticore antibody (Fig. 4a) , EGFP fluorescence (Fig. 4b) or mAb to the IMV surface protein D8L (Fig. 4c) . All particles were visible by EGFP (including those bound to the coverslip) whereas only a subset were recognized by anti-core antibody or anti-D8L. All structures positive for core antigens were also positive for EGFP, and the majority (68?8 %) of these were negative for D8L (Fig. 4d, merged image) , consistent with loss of D8L on entry. The few triple-positive structures are probably cores that have entered the cell but not moved from the entry point where the D8L envelope remains, rather than cores on the cell surface, because the anti-core antibody only stains intracellular cores (Vanderplasschen et al., 1998; Krijnse Locker et al., 2000) . This is addressed further below. When virions were bound onto cells on ice and visualized directly, no cores were visible (data not shown).
To demonstrate that the core-positive structure had entered the cell, further co-localization studies were performed. vA5L-EGFP-N was added to Ptk 2 cells and incubated for 1 h at either 37 or 4 uC. Virus particles were detected using anti-D8L mAb and microtubules were revealed using anti-tubulin mAb. At 37 uC, many EGFP-positive and D8L-negative virus particles were observed (Fig. 5e , green particles). One such particle is arrowed, indicating that the vA5L-EGFP-N has lost its IMV membrane and the green particles are likely to be intracellular cores (Fig. 5a, c, k, l) . When projections of Z-series images were examined in the orthogonal plane, EGFP-positive core particles (Fig. 5a, arrowhead) that did not label with anti-D8L (Fig. 5c, arrowhead) were observed in the perinuclear region close to the bottom of the cell and surrounded by microtubules (Fig. 5g, i, k, l) . At 4 uC, all the virions on or around the cell are positive for EGFP and D8L (Fig. 5 right column, arrowheads and panels m, n) .
Moreover, when Z-series sections were examined in the orthogonal plane such virions were located on the surface of the cell (Fig. 5h, j, arrowheads) . Together these data indicate that vA5L-EGFP-N loses its IMV membrane upon entry and only the core is transported after the entry process. (Hollinshead et al., 2001) . Samples were processed for cryo-electron microscopy as described in Methods. Sections were incubated with mAb JL-8 against GFP followed by protein A-gold conjugates. Note the presence of A5L-EGFP within the cores of IV and mature virus (e, f, g) whereas the B5R-EGFP protein is located on the wrapping membranes of IEV and CEV (h). Scale bars for panels (a), (c), (e)-(h), 100 nm; (b), 200 nm; (d), 500 nm.
The location of cores relative to the microtubule network was examined from the data shown in Fig. 5 and other cells (not shown). At 37 uC, 80 % of particles were cores (EGFPpositive and D8L-negative) and the majority of these 83 % (n=100) were coincident with a-tubulin. At 4 uC (when free cores are not formed) no D8L-negative particles were seen, but the majority (63 %) of IMV particles were still proximal to microtubules.
Movement of EGFP-cores observed by time-lapse microscopy
Purified IMV from vA5L-EGFP-N was used to investigate how virus cores move within a newly infected cell. IMV was bound on ice to PtK 2 cells, which have a large flat morphology and so are useful for time-lapse microscopy. After binding, cells were warmed to 37 uC and analysed at . Intracellular location of vA5L-EGFP-N cores. PtK 2 cells were incubated with vA5L-EGFP-N for 1 h at either 4 or 37˚C and then processed for immunofluorescence using either EGFP (a, b), mouse mAb AB1.1 to detect D8L protein (c, d) or rat mAb YL1/2 to detect a-tubulin (e, f). Bound mAbs were detected by Cy5-donkey anti-mouse antibody or TRITCdonkey anti-rat antibody. The cell outlines are indicated by the broken line. Panels (e) and (f) include tubulin staining and a merge of the TRITC and EGFP signals; panels (g) and (h) show orthogonal projected Z-series images (n=17, 0?38 mm section) of panels (e) and (f) respectively. Bar, 10 mm. Note the location of the EGFP-positive core at 37˚C close to the bottom of the cell and the presence of the double-positive IMV particle on the surface of the cell at 4˚C. Enlarged single optical sections of the same region showing a merge of the TRITC and EGFP signals are shown in panels (i) and (j). Single channel panels of EGFP (k, m) or D8L (l, n) are shown. Note the lack of D8L signal when the virus was incubated at 37˚C (l) compared to the presence of the D8L signal when incubated at 4˚C (n). B, bottom of cell; T,: top of cell; N, nucleus. Scale bar, 10 mm. different times post-warming by confocal microscopy with a series of 100 images captured every 3 s. A representative experiment is shown in Fig. 6 . In panel (a), the direct fluorescence deriving from EGFP in a single focal plane at all 100 time-points is shown. Part of this image is shown at higher magnification in panel (b) . It is evident that many of the virus particles exhibit little movement as their images remain reasonably stationary over the 300 s period. This may be because they have already entered and moved, or they may not have entered the cell and may move at a later stage. However, several particles showed clear movement. This is illustrated in the remaining images. Arrowheads in panel (c) show the position of a single particle between frames 13 to 22. In panels (e), (g), (h), (f) and (d) the position of this particle at 6 s intervals is illustrated by an arrowhead. Particles were seen moving in a saltatory manner both towards and away from the perinuclear region. Timelapse analyses of multiple particles (n=20) showed particles moved with speeds ranging from 27 to 80 mm min
21
(average 51?8 mm min 21 , SEM±3?9 mm min
). These types of movement and speeds are consistent with movement on microtubules.
To investigate this further, the effects of the microtubuledisrupting drugs nocodazole and colchicine were analysed. Time-lapse confocal images were taken every 3 s for 5 min at 30 min after warming and the merged images are shown in Fig. 7 . In the presence of colchicine (a) or nocodazole (c) the great majority of individual particles remained punctate due to lack of movement, but after washout of nocodazole (b) movement was restored. During a 5 min period (25-30 min p.i.) the number of particles moving on microtubules at speeds ¢27 mm min 21 (the lowest rate of movement without drug) from ten cells was analysed. In the absence of drugs 19?7 % of particles (n=250) moved, but this was reduced to 1?2 % (n=167) and 0?6 % (n=201) in the presence of colchicine and nocodazole, respectively. Upon nocodazole washout 15?1 % (n=253) of particles moved. In the presence of cytochalasin D (panel d), an actindisrupting drug, 14?3 % (n=215) of particles moved. Panels (e) and (f) show the movement of a single particle after nocodazole washout and in the presence of cytochalasin D, respectively. The rate of particle movement (n=20) was also measured in the presence of cytochalasin D and after nocodazole washout. Cytochalasin D did not inhibit the rate of movement (average 51?0±5?3 mm min 21 ), although the number of cores moving was reduced slightly. The effect of nocodazole was reversible and after drug washout movement was restored (average 54?2±3?3 mm min
).
Distributions of virions on the cell
To investigate whether the cores move from the cell periphery to the cell interior, serial optical sections of the infected cells were collected. After virus binding to cells at 4 uC, cells were warmed to 37 uC, and X-Y sections were taken of a group of cells at different times thereafter (Fig. 8) . Analysis of these projected X-Y sections revealed that shortly after infection (10 min) the EGFP-positive particles are distributed randomly over the cell surface. At later times during infection (70 and 100 min) the majority of particles were seen to concentrate around or above the nucleus and to have more variable intensity. This change in distribution was inhibited by nocodazole (data not shown). These observations are consistent with virions moving from the cell periphery to the more central region of the cell and suggest some may already have started to disassemble further.
DISCUSSION
This report describes the construction and use of recombinant VVs in which the A5L gene was replaced with the A5L gene fused to EGFP-coding sequences at the 59 or 39 end. Cores derived from these recombinant viruses after infection of new cells moved with speeds consistent with transport on microtubules. Moreover, movement of cores was inhibited by drugs that disrupt microtubules but not by drugs that disrupt actin filaments. Thus VV uses microtubules for transport of both incoming cores and outgoing particles.
Previously, recombinant VVs were described in which the F13L or B5R proteins were fused to GFP or EGFP and these viruses were useful for studying the movement of IEV particles during virus egress. However, these viruses could not be used for studying movement of IMV particles during morphogenesis, or virus cores during re-infection, because the virus particles only acquired the EGFP-tagged protein after formation of IEV during morphogenesis and the EGFP tag was lost during re-entry because it was present in the EEV outer envelope. To overcome this problem we sought a core protein that might be tagged with EGFP without inhibiting function and selected the A5L gene for study. Although this gene is essential for virus morphogenesis and the morphogenesis of a mutant virus in which expression of the gene is repressed arrests prior to the formation of IMV, we were able to replace the wild-type A5L gene with A5L fused to EGFP at either the N or C terminus and recover infectious virus. Moreover, immunoblotting of proteins extracted from purified IMV showed the protein was present in IMV particles, and cryo-immunoelectron microscopy showed that the A5L-EGFP fusion proteins were incorporated into the virus core. These observations suggest that interactions of the A5L protein via either the N or C terminus is not critical for functions such as packaging into virions or interaction with other proteins. Electron microscopy showed that recombinant viruses expressing the A5L-EGFP fusion proteins underwent normal morphogenesis and induced the formation of virus-tipped actin tails at the cell surface. Consistent with this observation, the plaque size of the recombinant viruses was similar to or indistinguishable from wild-type and revertant virus controls. The virus with the EGFP fused to the C terminus formed a slightly smaller plaque than the wild-type.
Immunofluorescent microscopy showed that IMV particles bound to the cell surface retained the D8L IMV surface protein, but were not recognized by the anti-core antibody. Conversely, particles that had entered the cell were recognized by core antibody but not antibody to D8L. Both observations are in accord with a previous report (Vanderplasschen et al., 1998) and are relevant to the entry mechanism for IMV. It was proposed that IMV uncoats outside the cell followed by transport of cores across the cell membrane without membrane fusion (Krijnse Locker et al., 2000) . The failure to detect cores on the cell surface is inconsistent with this proposal, unless cores somehow remain inaccessible to anti-core antibody once released from the IMV membrane. Particles that had entered the cell moved from the cell periphery towards the cell interior and co-localized with a-tubulin. This co-localization of virus cores with microtubules is consistent with a previous report (Mallardo et al., 2001 ) that also noted co-localization of virus mRNAs and microtubules.
The movement of cores derived from IMV was followed by time-lapse confocal microscopy after infection of new cells, and cores were found to move with speeds consistent with transport on microtubules. Moreover, addition of either colchicine or nocodazole inhibited core movement, and the washout of nocodazole restored core movement. These observations too are consistent with movement on microtubules. In contrast, addition of cytochalasin D, an inhibitor of actin function, did not prevent movement of cores. However, cytochalasin D did reduce the number of cores (25 % less) moving within cells, although the rate of movement was not altered. This reduction in intracellular cores in the presence of cytochalasin D is less than reported previously (81 %) (Vanderplasschen et al., 1998) because of the lower drug concentration and shorter incubation period with drug in PtK 2 cells. The role of actin in IMV entry reported by Vanderplasschen et al. (1998) was later confirmed and extended by Krijnse Locker et al. (2000) who also reported the formation of cell surface projections upon binding of IMV to cells.
The use of microtubules for movement of (i) IMV particles from virus factories to sites of wrapping to form IEV, (ii) IEV particles to the cell surface and (iii) virus cores from the periphery to the cell interior illustrates how VV exploits the cell transport processes for its intracellular transport. The proteins that interact with microtubules are not defined but are likely to be different between IMV, IEV and cores. Candidate proteins include the IMV surface protein A27L and the IEV surface protein F12L. In the absence of A27L IMV are formed but not transported (Rodriguez & Smith, 1990) ; similarly, in the absence of F12L IEV are formed but not transported (van Eijl et al., 2002) . The A36R protein has also been reported to have a role in movement of IEV particles on microtubules (Rietdorf et al., 2001 ) but EEV and CEV are still formed by viruses lacking A36R (Introduction). For incoming virus cores, the A27L and F12L proteins are absent and so other VV proteins are likely to be involved. In vitro microtubule-binding assays have suggested an interaction between L4R and A10L and microtubules (Ploubidou et al., 2000) , but these proteins are considered to be within the core rather than on its surface, and so it is uncertain how such an interaction would be mediated.
Lastly, VV is another virus shown to use microtubules during virus entry. Others include herpes simplex virus (Sodeik et al., 1997) , adenovirus (Suomalainen et al., 1999) and HIV-1 (McDonald et al., 2002) . It is probable that many viruses including those described to date (Sodeik, 2000) will utilize aspects of the cell transport machinery to facilitate entry of incoming cores or capsids.
